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We are developing a Salmonella vectored vaccine to prevent infant pneumonia and other diseases caused by
Streptococcus pneumoniae. One prerequisite for achieving this goal is to construct and evaluate new recombinant
attenuated Salmonella vaccine (RASV) strains suitable for use in neonates and infants. Salmonella enterica serovar
Typhimurium strain x9558(pYA4088) specifies delivery of the pneumococcal protective antigen PspA and can
protect adult mice from challenge with S. preumoniae. This strain is completely safe for oral delivery to day-old and
infant mice. Here we assess the colonizing ability, immunogenicity, and protective efficacy of x9558(pYA4088) in
neonatal mice. Colonization was assessed in mice 0, 2, 4, or 7 days of age after oral inoculation. In the presence of
maternal antibodies, the colonization of lymphoid tissues was delayed, but the immune responses were enhanced in
mice born to immunized mothers. Both oral and intranasal routes were used to assess immunogenicity. All orally
or intranasally immunized neonatal and infant mice born to either immunized or naive mothers developed
PspA-specific mucosal and systemic immune responses. Mice born to immunized mothers produced higher titers of
PspA-specific antibodies in the blood and mucosa and greater numbers of PspA-specific interleukin-4 (IL-4)-
secreting cells than mice born to naive mothers. More importantly, mice born to immune mothers showed a
significant increase in protection against S. pneumoniae challenge. These results suggest that strain
X9558(pYA4088) can circumvent some of the limitations of the immature immune system in neonatal and infant

mice, generating enhanced protective immune responses in the presence of maternal antibodies.

Streptococcus pneumoniae is a respiratory pathogen that en-
ters the body through the respiratory mucosa (45) and may
cause diseases such as pneumonia, otitis media, meningitis,
and bacteremia, especially in young children and the elderly
(24). Moreover, it is a leading cause of pneumonia in young
children, resulting in an estimated 1 to 3 million deaths each
year (16, 40). An increase in the incidence of antibiotic-resis-
tant S. pneumoniae is a growing problem worldwide (1, 10),
and infants are colonized at an early age in countries where
resistant strains are prevalent (31). Fortunately, the use of
antipneumococcal vaccines can prevent antibiotic-resistant in-
fections and limit the development of drug resistance. A 7-va-
lent pneumococcal conjugate vaccine (Prevnar) was licensed in
2000 by Wyeth and has been used for children under the age of
2 years (5). Although this vaccine has proven useful, capsular
types not covered by the vaccine have emerged (18, 44), leaving
young children once again vulnerable to S. prneumoniae infec-
tion and disease. Prevnar 13, which includes five additional
serotypes, is currently under review by the FDA (34).

In our laboratory, we have been developing a vaccine for the
prevention of S. pneumoniae infections based on surface pro-
tein antigens, such as PspA and PspC (7, 9). Our strategy has
been to use live attenuated Salmonella vectors to deliver the
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relevant antigens (23, 27, 33, 48, 49). One challenge of early-
life immunization arises as a consequence of the limited im-
mune responses in neonates and infants (43). Successful in-
duction of a protective response must circumvent the typically
weak and short-lived antibody response of the immature im-
mune system and the inhibitory influence of maternal antibod-
ies (42). In a previous study, a live attenuated Salmonella
vaccine was used to induce a strong immune response in the
face of an immature immune system and maternal antibodies
(11).

While safety and immunogenicity are the two most impor-
tant factors to consider in developing a live recombinant at-
tenuated Salmonella vaccine (RASV), when the vaccine is tar-
geted toward infants and young children, safety becomes
paramount. We have recently reported the development of
several new strategies to enhance both RASV safety and im-
munogenicity, including regulated delayed attenuation (12, 13,
27), regulated delayed antigen synthesis (49), programmed cell
lysis (25), and a constellation of other mutations, such as
AsopB, which enhances the immune response against a vec-
tored antigen (28, 29) and reduces fluid accumulation in the
intestines (16a, 50). Salmonella enterica serovar Typhimurium
strain x9558 (16a) has many of these new features.

We have taken a balanced approach to our strain construc-
tion strategy, adding features to improve both immunogenicity
and safety. As a result, strain x9558 has demonstrated an
improved safety profile in adult mice, with a reduced ability to
cause meningitis when administered orally, intranasally (i.n.),
or intraperitoneally (i.p.) (6), and it is totally safe and nonin-
flammatory in newborn mice at doses equal to 107 times the
50% lethal dose (LDs,) of the wild-type parent (16a). Plasmid
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Genotype or relevant characteristics ?gfl;i;ger
Strains
Escherichia coli thi-1 thr-1 leuB6 ginV44 fhuA21 lacYl recAl AasdA4 A(zhf-2::Tnl10) RP4-2-Tc::Mu[\ pir] 39
x7213
S. Typhimurium
x3761 Wild-type UK-1 14
X9558 Apmi-2426 A(gmd-fcl)-26 APy,1::TT araC Pyp fur AP, 55,2 TT araC Pyap crp 6
AasdA27:TT araC Pyap 2 AaraE25 AaraBAD23 ArelA198::araC Pyap lacl TT
AsopB1925 AagfBAC811
S. pneumoniae Wild type, virulent, encapsulated, type 3 8
wu2
Plasmids
PYA3493 Asd"' pBRori B-lactamase signal sequence-based periplasmic secretion plasmid 6
pPYA4088 852-bp DNA encoding the a-helical region of PspA from aa 3 to 285 in pYA3493 49

pYA4088 is an Asd " balanced-lethal plasmid that carries the
gene for an immunogenic portion of the protective PspA an-
tigen fused to a type 2 secretion signal for B-lactamase, direct-
ing secretion of the fusion protein to the periplasm and outside
the cell (21, 23, 49). When x9558 carrying a plasmid nearly
identical to pYA4088 was used to immunize adult mice, the
mice were significantly protected against challenge with 200
times the LDy, of virulent S. pneumoniae (27). The high level
of protection was comparable to the protection observed in
mice immunized with an RASV lacking many of these new-
generation vaccine safety features and was significantly greater
than the protection afforded by a Acya Acrp RASV lacking any
of the new-generation features.

In this work we confirmed the safety of x9558(pYA4088) for
young mice and examined the immunogenicity and protective
efficacy of x9558(pYA4088) for neonatal and infant mice born
to naive and immunized mothers. In a previous study, Capozzo
et al. demonstrated both the safety and the immunogenicity of
a live attenuated Salmonella strain when it was administered by
the intranasal route (11). Our ultimate goal is to produce a
vaccine that can be given orally, and we therefore immunized
mice by the oral route. For comparison, we also evaluated
immunity in mice immunized by the intranasal route. Surpris-
ingly, we found that maternal immunization enhanced the pro-
tective efficacy of the vaccine when it was administered by
either route.

MATERIALS AND METHODS

Bacterial strains, media, growth conditions, and plasmids. The bacterial
strains and plasmids used in this study are listed in Table 1. LB broth (4) and agar
were used as complex rich media for the propagation of all bacterial strains. For
animal experiments, x9558(pYA4088) and x9558(pYA3493) were grown and
prepared as previously described (27). To determine the titer, serial dilutions of
the RASV strains were plated onto MacConkey agar supplemented with 1%
lactose, 0.05% arabinose, and 0.2% mannose. Some mice were inoculated with
buffer only as controls. S. pneumoniae WU2 was cultured on brain heart infusion
(BHI) agar containing 5% sheep blood or in Todd-Hewitt broth plus 0.5% yeast
extract (8). WU2 is not adapted to enable colonization of the murine nasophar-
ynx, so it is only used for intraperitoneal challenges.

Mice. BALB/c mice (8 weeks old) purchased from Charles River Laboratories
(Wilmington, MA) were bred to produce pups. Some groups of female BALB/c
mice (8 weeks old) were immunized orally with 20 1 containing 1 X 10° CFU of
x9558(pYA4088) suspended in buffered saline with gelatin (BSG) 2 weeks be-
fore breeding. All animal procedures were approved by the Arizona State Uni-
versity Animal Care and Use Committee. Mouse breeding cages were checked

daily; new births were recorded, and the pups were kept with their mothers until
weaning at the age of 3 weeks. Experimental groups contained two litters for
safety and colonization experiments and three litters for immunogenicity exper-
iments.

Safety of x9558(pYA4088) in neonatal mice. To assess safety in infant and
neonatal mice, one litter per group (0-day-old [<24 h], 2-day-old, 4-day-old, and
7 day-old groups) from naive mothers were orally inoculated with 5 wl containing
approximately 5 X 108 CFU of x9558(pYA4088). Health and the number of
deaths were monitored and recorded every day for 6 weeks. This experiment was
repeated three times.

Colonization of neonatal mice by x9558(pYA4088). For colonization studies,
0-, 2-, 4-, and 7-day-old pups (6/group) born to either naive or immunized
mothers were orally inoculated with 5 pl containing approximately 5 X 10 CFU
of x9558(pYA4088). Mice were euthanized on days 3 and 7 postinfection, and
samples of the entire upper intestinal tract (ileum, jejunum, and duodenum),
spleen, and liver were collected. Note that we sampled the entire small-intestinal
tract because gut-associated lymphoid tissues (GALT), such a Peyer’s patches,
are not visually detectable in newborn mice. Tissues were weighed and homog-
enized in a total volume of 1 ml BSG. Serial dilutions were plated onto Mac-
Conkey agar plates containing 1% lactose, 0.05% arabinose, and 0.2% mannose
to determine the number of viable bacteria. Plates were incubated at 37°C for at
least 18 h. We also inoculated 900 pl of homogenized tissues into 5 ml selenite
broth (Difco) for Salmonella enrichment. Samples that were negative by direct
plating and positive by enrichment were recorded as 10 CFU/g. Samples that
were negative both by direct plating and by enrichment were recorded as 0
CFU/g.

Immunogenicity studies. Approximately 1 week before delivery, sera were
collected from pregnant mice. All immunized mothers had reciprocal PspA and
Salmonella lipopolysaccharide (LPS)-specific serum IgG titers ranging from 800
to 1,200 for individual mice. Male and female mice from each litter were placed
in separate cages after weaning.

Neonatal (7-day-old) and infant (21-day-old) mice from either naive or im-
munized mothers were immunized orally or i.n. with approximately 5 X 10% CFU
of x9558(pYA4088) administered in a 5.0-pl volume (2.5 wl/naris for the intra-
nasal route) (36). Groups of mice from naive mothers were also inoculated with
the control strain x9558(pYA3493), which does not express pspA. For intranasal
immunizations, anesthesia was avoided in order to limit aspiration into the lungs
(19). Mice were boosted with the same vaccine dose and by the same route at 3
and 6 weeks post-primary immunization for oral immunizations and at 2, 4, and
6 weeks post-primary immunization for in. groups. Age-matched mice inocu-
lated with sterile BSG were used as controls for both groups. Preimmune sera
were obtained by bleeding neonates and infants by mandibular vein puncture
prior to vaccination. Further bleedings were performed at 3 and 6 weeks, and at
biweekly intervals thereafter. Whole blood was incubated at 37°C for 60 min, and
the clot was pelleted by centrifugation. The serum was removed from the whole
blood and stored at —80°C. Vaginal wash samples were collected at 8 weeks after
the first immunization and were stored at —80°C.

Antigen preparation. S. Typhimurium LPS was purchased from Sigma. Outer
membrane proteins (OMPs) and recombinant PspA (rPspA) protein were puri-
fied as described previously (23). The rPspA clone encoding the a-helical region



VoL. 17, 2010

of PspA (amino acids [aa] 1 to 302) in pET20b was a kind gift from Susan
Hollingshead at the University of Alabama at Birmingham.

ELISA. Sera from all mice in a group were pooled for analysis. An enzyme-
linked immunosorbent assay (ELISA) was used to measure IgG antibodies
against serovar Typhimurium LPS and rPspA in serum and IgG1 and IgG2a in
serum and IgA in vaginal washes against rPspA as previously described (23).
Absorbance was recorded at 405 nm using an automated ELISA plate reader
(model EL311SX; Biotek, Winooski, VT). Absorbance readings that were 0.1
unit higher than phosphate-buffered saline (PBS) control values were considered
positive. We did not measure maternal antibody titers in newborn mice or their
rate of decline, since these would not likely contribute to the antibody titers in
immunized infant mice, which were first measured just after weaning for mice
immunized at the age of 7 days and 2 weeks or more after weaning for all other
groups of mice.

IL-4 and IFN-y ELISPOT assays. At week 7, spleen cells were harvested from
6 mice per group. Cells from each spleen were assayed by an enzyme-linked
immunospot (ELISPOT) assay in triplicate wells as previously described (41).
Briefly, polyvinylidene difluoride (PVDF) membrane plates (Millipore) were
first washed with sterile H,O and then coated with 100 pl of monoclonal anti-
bodies (MAbs) against interleukin-4 (IL-4) or gamma interferon (IFN-y) (BD
PharMingen) at 5 pg/ml in PBS overnight at 4°C. The wells were washed with
PBS and blocked with RPMI containing 10% fetal calf serum (FCS). Then 50 pl
of cell medium (RPMI 1640 supplemented with 10% FCS, 2 mM L-glutamine,
100 TU/ml penicillin, 10 pg/ml streptomycin, and 1% HEPES) and 50 ul of
spleen cells (100,000 per well) in cell medium with or without stimulation with
rPspA at 5 pg/ml were added per well and incubated in the plates overnight
under 5% CO, at 37°C. The next day, the cell suspensions were discarded, and
the plates were washed with PBS-0.05% Tween 20 (PBS-T). A biotinylated
anti-IL-4 or anti-IFN-y MAb (BD PharMingen) at 0.5 pg/ml in PBS-T with 1%
FCS was added and incubated at room temperature for 2 h. After a wash with
PBS-T, 100 pl/well of avidin peroxidase diluted 1:1,000 (vol/vol) in PBS-T con-
taining 1% FCS was added, followed by incubation for 1 h at room temperature.
After a wash with PBS-T, 100 wl of 3-amino-9-ethylcarbazole was added per well.
Spots were developed for 15 min at room temperature. Plates were dried and
analyzed by using an automated CTL ELISPOT reader system (Cellular Tech-
nology).

Pneumococcal challenge. Four weeks after the final immunization, mice were
challenged by intraperitoneal injection with 2 X 10° CFU (10 LDsys; for orally
immunized mice) or 4 X 10° CFU (20 LDsgs; for intranasally immunized mice)
of S. pneumoniae WU2 in 100 pl of BSG (33). Challenged mice were monitored
daily for 15 days.

Statistical analysis. Data are presented as the geometric means and standard
deviations in all assays. Mann-Whitney U test software (version 5.0; GraphPad
Software, Inc.) was used for comparing the distributions of x9558(pYA4088) in
the tissues of neonatal mice. Analysis of variance (ANOVA) (SPSS Software),
followed by Fisher’s LSD (least significant difference) test, was used to evaluate
differences in antibody titers and cytokine-secreting cell responses, which were
determined with 95% confidence intervals. The Kaplan-Meier method (SPSS
Software) was applied to obtain the survival fractions following i.p. challenge of
orally immunized mice. A P value of <0.05 was considered statistically signifi-
cant.

RESULTS

Safety of strain x9558(pYA4088) in neonatal mice from
naive mothers. To further assess the safety of x9558(pYA4088)
as reported elsewhere (16a), 155 neonatal mice ranging in age
from 0, 2, 4 and 7 days were orally inoculated with 5 pl con-
taining approximately 5 X 10® CFU of strain x9558(p Y A4088).
Health and the number of deaths were monitored daily over a
6-week period. No disease symptoms, growth impairment, or
death occurred at any time, confirming that x9558(pYA4088)
is completely safe in young mice.

Distribution of strain x9558(pYA4088) in tissues of neona-
tal mice from either naive or immunized mothers. We exam-
ined the ability of x9588(pYA4088) to colonize the intestine,
liver, and spleen when administered to pups 0, 2, 4 or 7 days of
age born to either naive or immunized mothers. Tissue colo-
nization was evaluated at 3 and 7 days after oral inoculation as
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described in Materials and Methods. Overall, immunization of
the mother had the greatest effect on inhibiting colonization in
pups inoculated at the age of 4 or 7 days but had no negative
effect on pups inoculated at the age of 0 or 2 days (Fig. 1).
Strain x9558(pYA4088) colonized intestinal tissues to high
levels in all groups (Fig. 1A). Despite the high level of intes-
tinal colonization in the group of mice from naive mothers
inoculated at day 7, levels of colonization of the spleen and
liver were somewhat lower than those in the other groups of
mice from naive mothers. Intestinal colonization was inhibited
in pups from immune mothers that were immunized at the age
of 4 or 7 days (P < 0.01) and was stimulated (on day 7) in pups
immunized at day 0. Maternal immunization had a more pro-
found effect on colonization of the liver and spleen (Fig. 1B
and C). As with intestinal colonization, maternal immunity had
no negative effect on pups inoculated at the age of 0 or 2 days,
and for pups immunized on day 2, maternal immunity en-
hanced colonization at some time points. Among pups inocu-
lated at the age of 4 days, liver colonization was inhibited in
those from immunized mothers compared to that for pups
from naive mothers at both time points examined (Fig. 1B).
For mice inoculated at day 0, maternal immunization resulted
in higher numbers of x9558(pYA4088) in the spleen on day 3
and day 7 (P < 0.01) (Fig. 1C). No vaccine was recovered from
the spleens of pups from immune mothers 3 days after inocu-
lation when they had been inoculated at the age of 4 or 7 days.
However, by day 7 postinoculation, spleen colonization in
these groups was similar to spleen colonization in mice from
naive mothers (Fig. 1C) (P < 0.05).

Strain x9558(pYA4088) is immunogenic in infant and neo-
natal mice from naive or immunized mothers. To assess the
immune responses to rPspA after immunization in early life, 18
to 24 neonatal (7-day-old), and infant (21-day-old) mice per
group from naive or immunized mothers were orally immu-
nized with approximately 5 X 10® CFU of x9558(pYA4088) or
the control strain x9558(pYA3493). For convenience, we refer
to these groups below as N 7d (naive mother, pups immunized
at day 7), I 7d (immunized mother, pups immunized at day 7),
N 21d (naive mother, pups immunized at day 21), and I 21d
(immunized mother, pups immunized on day 21). Mice were
immunized again 3 and 6 weeks following the first dose. Age-
matched control mice were given sterile BSG and served as
nonimmunized controls. Serum IgG antibody responses to
rPspA and Salmonella LPS and mucosal IgA responses to
PspA were measured. This experiment was performed twice
with similar results, which have been pooled for analysis
(Fig. 2).

The anti-PspA serum responses in mice from immunized
mothers were higher at 3 weeks post-primary immunization
than the responses in mice born to naive mothers (Fig. 2A)
(P < 0.01). The differences in IgG responses between pups
from naive and immunized mothers were greatest for the pups
immunized at 21 days. The anti-PspA titers in pups from naive
mothers were slower to develop than titers in pups from im-
mune mothers, although by week 8 there was no significant
difference between the two groups. Among the N 7d and I 7d
groups, pups from immunized mothers (I 7d) developed sig-
nificantly higher titers than pups from naive mothers (N 7d) by
week 8. Overall, maternal immunity did not play a significant
role in the development of serum anti-LPS IgG (Fig. 2B),
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FIG. 1. Distribution of S. Typhimurium strain x9558(pYA4088) in tissues of newborn mice born to naive or immunized mothers. Groups of
pups were orally inoculated with x9558(pYA4088) on the day (d) after birth indicated in the key. For mice born to naive mothers, the doses were
1.4 X 10® CFU for 0-day-old mice, 1.6 X 10 CFU for 2-day-old mice, 3.0 X 10® CFU for 4-day-old mice, and 3.5 X 10® CFU for 7-day-old mice.
For mice born to immunized mothers, the doses were 1.5 X 10® CFU for 0-day-old mice, 1.5 X 10® CFU for 2-day-old mice, 2.0 X 10® CFU for
4-day-old mice, and 1.0 X 10® CFU for 7-day-old mice. Significant differences between results obtained from mice born to naive or immunized mothers
are indicated (*, P < 0.01; #*, P < 0.05). Tissue samples were taken from 3 mice/group on days 3 and 7 (3d and 7d) after inoculation. The results from

three experiments are summarized.

except for the I 21d group, which had significantly lower titers
than the other groups (P < 0.01 at 6 weeks; P < 0.05 at 8
weeks).

Mice have a common mucosal system (30), and vaginal re-
sponses are representative of responses in the nasopharyngeal
tract (47). Therefore, we used vaginal washes to evaluate mu-
cosal responses. This also allowed us to keep the mice alive for
challenge studies. At week 8, vaginal washes were collected
from the 12 to 17 female mice per group and were evaluated.
No mucosal samples were taken from the remaining male
mice. The development of mucosal IgA responses was dramat-
ically and significantly enhanced by maternal immunity (Fig.
2C). There was no detectable anti-PspA IgA in either group of
mice from naive mothers, while mice from immune mothers
developed a detectable IgA response (P < 0.01).

IgG isotype analyses of orally immunized mice. The serum
immune responses to rPspA were further examined by mea-
suring the levels of IgG isotype subclasses IgG1 and IgG2a

(Fig. 3). At the 3-week time point, the IgG1 and IgG2a levels
were similar in all groups, indicating a balanced Th1-Th2 re-
sponse, except for the N 21d group. For that group, the total
IgG titers were too low to generate meaningful IgG1/IgG2a
data. At 6 weeks, the I 7d and N 21d groups had developed a
Th2 bias (IgG2a/IgG1 ratios of 0.125 and 0.25, respectively).
By 8 weeks, after the second boost, the I 7d and I 21d groups
had developed a balanced Th1-Th2 response trend, while the
N 7d and N 21d groups had developed a Th1 bias (IgG2a/IgG1
ratios, 16 for the N 7d group and 32 for the N 21d group).
Antigen-specific stimulation of IL-4 or IFN-y production.
To further evaluate the Th1/Th2 immune responses, we exam-
ined whether mice immunized as neonates and infants devel-
oped cell-mediated immunity to vaccine antigens. ELISPOT
assays were used to compare PspA stimulation of IFN-y (Th1
associated) and IL-4 (Th2 associated) production by spleen
cells taken from immunized and control mice at week 7. The
number of PspA-specific IFN-y-secreting cells (Fig. 4A) in
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FIG. 2. ELISA measurements of serum IgG and mucosal IgA re-
sponses in immunized mice. (A and B) Serum IgG responses against
rPspA (A) and S. Typhimunium LPS (B) were measured using pooled
sera from neonates and infants born to either naive (N) or immunized
(I) mothers. (C) Mucosal IgA responses against rPspA were measured
in pooled vaginal washes. Mice were immunized orally with either
X9558(pYA4088) (pspA) or x9558(pYA3493) (control) or were mock
immunized with BSG on either day 7 (7d) or day 21 (21d) after birth.
Only mice from naive mothers were inoculated with x9558(pYA3493).
Mice were boosted 3 and 6 weeks after the primary immunization.
Error bars represent differences between triplicate wells. Significant
differences between groups are indicated (¥, P < 0.05; **, P < 0.01).
No immune responses to PspA were detected in mice immunized with
Xx9558(pYA3493). No antibody to PspA or LPS was detected in mice
inoculated with buffer only or in preimmune sera from vaccinated mice
(reciprocal titer, <1:50).

immunized neonates and infants born to either naive or im-
munized mothers was significantly higher than that for the
BSG control group (P < 0.01), except for the I 21d group,
whose results were not significantly different from those of the
BSG group (P > 0.05).

The number of PspA-specific IFN-y-secreting cells in mice
born to immunized mothers was significantly greater than that
in mice born to naive mothers (P < 0.05) except for mice
immunized at the age of 21 days, for whom the number of
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IFN-y-secreting cells in mice from immunized mothers was
lower than the number in mice from naive mothers (P < 0.01).

For both the day-7 and day-21 groups, the numbers of PspA-
specific IL-4-secreting cells were higher in mice born to immu-
nized mothers than in mice born to naive mothers (P < 0.01).
The numbers of IL-4-secreting cells in mice from naive moth-
ers and from immunized mothers were significantly different
from those in BSG controls (P < 0.05).

Evaluation of protective immunity. To evaluate the capacity
of x9558(pYA4088) to protect mice immunized as neonates or
infants, immunized mice (18 to 24 mice per group) were chal-
lenged intraperitoneally with 2 X 10> CFU (10 LDsys) of S.
pneumoniae WU2 4 weeks after the final boost (=11 weeks of
age) (Fig. 5). All mice inoculated with x9558(pYA3493), a
Salmonella strain that does not express pspA, or with BSG
succumbed to the infection within 3 days. All groups of mice
immunized with x9558(pYA4088) were significantly protected
from challenge compared to controls (P < 0.05). Protection
was significantly greater in the I 21d group than in the N 21d
group (P < 0.01), and protection in the I 7d group was signif-
icantly greater than that in the N 7d group (P < 0.05), indi-
cating that maternal immunization enhances the protective
efficacy of x9558(pYA4088).

Immunogenicity and protective efficacy of x9558(pYA4088)
when administered intranasally. To evaluate the vaccine when
administered intranasally, we performed intranasal immuniza-
tions of 7- and 21-day-old mice, with 3 additional immunizations
performed at weekly intervals. Even though the data were as good
or better than those for oral immunization, we have not presented
the actual data here, since intranasal immunization with live Sal-
monella vaccines is highly unlikely, in view of our data demon-
strating the access of these vaccines to the brain when intranasally
administered (6). The serum IgG titers against LPS and PspA
were about 2- to 6-fold higher in mice immunized intranasally
(data not shown) than in mice immunized orally, but the trends
were essentially the same. The anti-PspA serum IgG response
developed more quickly in mice from immunized mothers, but
titers were similar by 8 weeks after the primary immunization.
Vaginal mucosal IgA responses were significantly higher in mice
from immunized mothers, and were detectable earlier after pri-
mary immunization, than in mice from naive mothers. Also, the
mucosal IgA titers were 2 to 4 times higher after intranasal im-
munization than after oral immunization. The IgG1 and IgG2a
analysis indicated that all mice developed a balanced Th1-Th2
response, regardless of maternal immune status or the age of
primary immunization, although by 8 weeks, there was a Th1 bias
in mice immunized at the age of 7 days from both naive (IgG2a/
IgGl1 ratio, 4; P < 0.01) and immunized (IgG2a/IgGl ratio, 2; P
< 0.05) mothers (data not shown). Finally, protection against S.
pneumoniae challenge also showed a similar trend. Pups from
immunized mothers were significantly better protected than pups
from naive mothers (see Fig. S1 in the supplemental material).
The overall level of protection was greater in the intranasally
immunized group than in the orally immunized group.

DISCUSSION

One of the primary goals of our research is to develop an
oral Salmonella enterica serovar Typhi-vectored vaccine to pro-
tect infants from pneumonia and other diseases caused by S.
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FIG. 3. Serum IgG2a and IgG1 responses to rPspA measured by ELISA. The data represent IgG2a and IgG1 subclass antibody levels to rPspA
in pooled sera from neonates and infants orally immunized with x9558(pYA4088) at various times after immunization. Error bars represent
differences between triplicate wells. Differences between IgG1 and IgG2a responses are indicated (*, P < 0.05; #*, P < 0.01).

pneumoniae. A critical first step in attaining this goal is to
develop a Salmonella vector that is safe enough to be admin-
istered to infants and young children while retaining the ability
to elicit a strong immune response against the vectored anti-
gen(s). S. Typhi causes typhoid fever in humans, and S. Typhi-
murium causes a similar disease in mice (35). Since S. Typhi is
a host-restricted species, we first set about developing an at-
tenuation strategy for S. Typhimurium. While the two Salmo-
nella serovars do not interact with their hosts in precisely the
same way, the interactions are similar enough to allow us to
test various iterations of attenuation and immunity-enhancing
strategies in mice using S. Typhimurium. The culmination of
our previous work was the construction of strain x9558 (16a),
which carries 10 mutations rationally designed to enhance im-
munogenicity (27, 28) while providing a high level of safety to
the immunized host (6, 16a).

Previous work showed that x9558 (carrying one of several
different pspA-encoding plasmids) is safe (6) and immunogenic
(27) in adult mice and that x9558(pYA4088) is safe in young
mice ranging in age from the day of birth to 7 days (16a). In
this work, we confirmed the safety of x9558(pYA4088) with an
additional 155 neonatal mice, ranging in age from the day of
birth to 7 days. This strain, while safe, was able to colonize the
intestinal tracts, livers, and spleens of young mice (Fig. 1).
However, we should point out that since the entire small in-
testine was sampled, we cannot be certain that GALT was
actually colonized. Lack of efficient GALT colonization could
explain the colonization results for mice from naive mothers
inoculated at the age of 7 days. For these mice, the numbers of
Xx9558(pYA4088) organisms observed in the intestinal tracts at
days 3 and 7 postimmunization were similar to the numbers of
Xx9558(pYA4088) organisms observed at days 3 and 7 postim-
munization in the intestinal tracts of mice from naive mothers

that were inoculated at the age of 0, 2, or 4 days. However, the
numbers of x9558(pYA4088) organisms that reached the spleens
and livers of mice from naive mothers inoculated at the age of 7
days were 1 to 2 log units lower than the numbers of
Xx9558(pYA4088) organisms that reached the spleens and liv-
ers of mice in the other three groups at both sampling times.
Since the GALT is the portal to these deeper tissues, it is likely
that efficient GALT colonization was not achieved in these
mice. We thus could be detecting bacteria that have attached
to, but failed to invade, the GALT.

Immunization of infants can be compromised by maternal
antibodies (11, 33, 35), a matter of concern when one is de-
signing a vaccine for infants. Among pups from immunized
mothers, colonization by the vaccine strain was delayed in mice
immunized on day 4 or 7 after birth but, surprisingly, not in
mice immunized on day 0 or 2 after birth. One explanation for
these results is that the observed delay in colonization may
have been due to anti-Salmonella antibodies in the milk from
the immunized mothers (17, 46). This interpretation is based
on the assumption that the day-0 and day-2 mice did not ingest
an adequate amount of anti-Salmonella secretory IgA (sIgA)
to inhibit colonization. Alternatively, these results could be
due to the lack of development of the immune system in 0- and
2-day-old mice. However, in spite of the delay in colonization,
by day 7 after immunization, x9558(pYA4088) had colonized
all tissues examined in mice from both immunized and naive
mothers.

Strain x9558(pYA4088) induced a strong immune response
to PspA in neonates and infants from either naive or immu-
nized mothers (Fig. 2). Interestingly, despite the initial delay in
colonization, serum anti-PspA antibody responses were signif-
icantly higher in neonates and infants from immunized moth-
ers than in neonates and infants from naive mothers at weeks
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FIG. 4. PspA-specific cytokine stimulation in mice immunized with
Xx9558(pYA4088) and in nonimmunized mice. Numbers of IFN-y (A)-
and IL-4 (B)-producing cells were determined by ELISPOT assays.
Splenectomies were performed on euthanized mice 7 days after the
final immunization. Mice mock immunized with BSG were included as
controls. Splenocytes were harvested from 6 mice per group, and cells
from each spleen were assayed in triplicate. Each symbol represents the
results from a single well. The results from each well are expressed as
ELISPOTs per million splenocytes minus any background ELISPOTSs
from unpulsed cells from mock-immunized controls. Significant differ-
ences between groups are indicated (**, P < 0.01).

2 and 4 postimmunization, indicating that maternal antibodies
either enhanced the development of or contributed to the
serum immune response. This difference was abrogated after
the second boost at week 6, leading to similar titers in all
groups. However, the mucosal IgA titers were significantly
higher in mice from immunized mothers than in those from
naive mothers at week 8. These collective results were the
opposite of what we expected, and we have no definitive ex-
planation for these results, which are, however, an added ben-
eficial feature of our vaccine development strategy.

The innate immune system modulates the quantity and qual-
ity of long-term T- and B-cell memory and the protective
immune response to pathogens (37). Neonatal immature
CD4™" T cells often polarize toward a Th2 rather than a Thl
pattern upon immunization (15, 38), and a weak Th2-biased
response is observed after neonatal immunization with conju-
gate vaccines (20). Recently, Capozzo et al. demonstrated that
immunization of neonatal mice with a Salmonella vaccine syn-
thesizing the C fragment of tetanus toxin resulted in a mixed
Th1-Th2 response to the antigen before boosting at the age of
22 days and a strong Th2 response after the boost, by the age
of ca. 9 weeks (11). In our study, we observed a Thl bias in
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FIG. 5. Oral immunization with x9558(pYA4088) protects BALB/c
mice against i.p. challenge with S. pneumoniae WU2. The survival of
orally immunized or nonimmunized mice after intraperitoneal chal-
lenge with 2 X 10° CFU of S. pneumoniae WU2 4 weeks after the final
immunization is shown. Each experiment was performed twice with
similar results, and the data have been pooled for presentation and
analysis. All vaccine groups were significantly different from the vector
control [x9558(pYA3493)] and the PBS control (P < 0.01). *%, P <
0.01 for survival of infants born to naive mothers compared to that of
infants born to immunized mothers; *, P < 0.05 for survival of neo-
nates born to naive mothers compared to that of neonates born to
immunized mothers.

neonates born to naive mothers and a balanced Th1-Th2 re-
sponse in mice from immunized mothers before boosting (at
the 2-week time point) (Fig. 3). After the second immunization
(3 weeks), the N 7d group developed a balanced Th1-Th2
response while the I 7d group developed a Th2 bias. After the
third immunization (6 weeks), the N 7d group developed a Thl
bias while the I 7d group developed a balanced response. The
Thl bias predicted by the 1gG2a/IgGl ratios for the N 7d
group (Fig. 3) is consistent with the relative numbers of IFN-vy-
and IL-4-secreting cells (Fig. 4), while the data in Fig. 4 would
indicate a Th1 bias for the I 7d group despite the apparently
balanced Th1-Th2 response predicted from the data in Fig. 3.

Strong PspA-specific mucosal IgA responses were detected
in vaginal washes in neonates and infants born to immunized
mothers after the final boost. In contrast, no IgA antibody was
detected in immunized neonates or infants born to naive moth-
ers (Fig. 2C). In mice, the generation of IgA-specific B cells
depends on Th2 cell-directed synthesis of IL-4 and IL-5 (2, 3,
26, 32). Therefore, the reduced mucosal IgA response in neo-
nates born to naive mothers could be due to poor stimulation
of Th2 cells. This argument is consistent with the low levels of
IL-4-secreting cells in the spleens of these mice (Fig. 4B). In
other studies, we have demonstrated that for older mice, oral
immunization can prevent colonization of the nasopharynx by
selected pneumococcal strains and thus confer complete pro-
tection against septicemic disease (48).

These data demonstrate that immunization with x9558
(pYA4088) can generate strong B- and T-cell responses in very
early life and elicit a stronger cell-mediated immune response
against PspA when the mother has been immunized. Our results
showing that x9558(pYA4088) can elicit mucosal and systemic
responses in neonates and young infants are highly encouraging.
However, the level of protection observed in our experiments is
lower than what we have seen in older mice. In a previous study,
adult mice orally immunized and boosted with x9558 expressing
pspA were protected from a 200-LDs,, challenge dose of S. preu-
moniae WU?2 (27). Therefore, improvements still need to be
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made in order to achieve our goal of providing an oral RASV for
infants. We are currently evaluating a number of additional anti-
gens for inclusion in our vaccine, including PspC (49). The con-
struction of a vaccine strain expressing multiple antigens (e.g.,
PspA and PspC), coupled with additional improvements to the
Salmonella carrier, should enhance the protective efficacy of this
vaccine in neonates and infants.

Here we demonstrate for the first time, with newborn and
infant mice, that a RASV expressing a pneumococcal gene can
stimulate the neonatal and infant immune systems. Despite the
presence of maternal antibodies, x9558(pYA4088) induced
protective anti-PspA immune responses, resulting in higher
protective efficacy against pneumococcal challenge. Thus, this
strategy may be useful for establishing early-life protection
against pneumococcal disease.
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